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SUMMARY 

This report covers the period from February 14 t o  May 14,  1963. 

Work was concentrated on (1) theore t i ca l  predict ion of the composite moduli 

of  unidirect ional  f iber-reinforced media, and (2) experimental v e r i f i c a t i o n  

of the r e s u l t s .  

the week ending May 3, 898 man-hours had been expended; c o s t s  that  date were 

$14,665. 4 dT46'd 

Important aspects  are described i n  t h i s  report .  Through 

ii 
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SECTION 1 

THEORETICAL PREDICTION OF 
COMPOSITE MODULI 

1.1 INTRODUCTION 

The u n i d i r e c t i o n a l  f i be r - r e in fo rced  composite considered i n  t h i s  

work c o n s i s t s  of a l a r g e  number of f i l aments  embedded wi th  the  same or i en ta -  

t i o n  i n  a r e s i n  matrix. This composite i s  t r e a t e d  a s  a two-phase medium. 

S imi la r  s t u d i e s  have been undertaken i n  recent  years ;  i n  t hese  problems, t h e  

composite media were assumed t o  be l o c a l l y  heterogeneous and g ross ly  homogr- 

neaua with t h e  a d d i t i o n a l  spec ia l i za t ions :  

1 , 2 , 3  (1) l o c a l  and gross  i so t ropy  

4 (2) l o c a l  an iso t ropy  and gross i so t ropy  . 

The present  problem is d i f f e r e n t  because the  u n i d i r e c t i o n a l  composite 

is l o c a l l y  i s o t r o p i c  and g r o s s l y  an i so t rop ic .  The number of independent moduli 

i nc reases  from two f o r  t h e  g ross ly  i s o t r o p i c  c a s e  t o  four  f o r  t he  present  prob- 

lem. 

a t ud ie s  . 5 s 6 ' 7 1 8  Most of these  works may be considered modi f ica t ions  of Pau l ' s  

method s i n c e  they considered t h e  phases connected i n  series o r  i n  p a r a l l e l .  

This  problem of gross  an iso t ropy  has  been considered i n  several earlier 
1 

The proposed so lu t ion  he re  relies on more exac t  mathematical models 

-1- 
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and techniques by g iv ing  proper cons idera t ion  t o  the  na tu re  of t he  mechanical 

c o n s t i t u t i v e  equation. 

posed theory is i n  good agreement with experimental  observat ions.  

It w i l l  be shown later i n  this r e p o r t  t h a t  t he  pro- 

The d e s c r i p t i o n  of f ibe r - r e in fo rced  composites has  s e v e r a l  inherent  

complications : 

(1) 

The 

The d i f f e r e n c e  i n  mechanical p rope r t i e s  between t h e  

two phases is usua l ly  l a rge ,  e.g., 20:l r a t i o  between 

Young's moduli. Consequently, any inaccuracy i n  the  

theory is magnified. For t he  same reason ,  t h e  upper 

and lower bounds based on Pau l ' s  work becomes too f a r  

a p a r t  t o  be usefu l .  

F i b e r  misalignment, as descr ibed by ca tenary  K, I 8  the 

result  of process va r i ab le s .  

Photomicrographs revealed t h a t  many f i b e r s  are i n  c o n t a c t ,  

r a t h e r  than i s o l a t e d  by the  matrix. This phenomenon is  

descr ibed by f i b e r  c o n t i g u i t y  C. When t h i s  is ignored,  

t h e  measured moduli may f a l l  o u t s i d e  of t h e  t h e o r e t i c a l l y  

pred ic ted  bounds. 

1 

ob jec t ive  of t h i s  i n v e s t i g a t i o n  is to  d e r i v e  t h e  composite 

an i so t rop ic  moduli a s  func t ions  of the  fol lowing material and geometric 

parameters : 

-2- 
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where C = composite anisotropic moduli, where 0 = C €,; E = Young's 

modulus, v = Poisson's ratio; p = specific weight, subscripts f and m refer 

to the fiber and matrix, respectively; R = percent weight ratio of the matrix; 

C = contiguity; K = catenary; and 8 = fiber orientation. 

ij i ~ ij 

The derivation of Equation (1) can be rimplified conriderably by 

taking advantage of the transformation property of the composite moduli, 

i.e., Equation (1) can be written as: 9 

cij = cij (Ei, e 

where E 
C 

separated out in Equation (2), which is nothing but the transformation equa- 

= anisotropic moduli in the elastic symmetry system. Note that 
ij - 

Note also that e is 
i f  

has only four components instead of six for C 
ij 

t ion. Hence the present problem is reduced to: 

Instead of deriving the components of E 

engineering constants E,, (stiffness parallel to the fibers), E,, (stiffness 

i t  i s  more convenient t o  use the 
13' 

A A  

perpendicular to the f ibers) , 
Again, from the transformation 

- - - - 
c12 - "12 c22 = v 2 1  cll 
- 
C66 = G 

66 

v12 (major Poisson's ratio), and G (shear modulus). 

property of 9 it can be shown that 
ij' 

-3- 



AERONUTRON IC DIVISION 

Hence, once the expressions for the four engineering constants in terms of 
- 

the meterial and geometric parameters are known, C sand C for any value 
ij ij 

of 0 can be computed directly. 

1.2 PREDICTION OF Ell 

The prediction of the composite stiffness parallel to the fibers 

is based on the well known linear theory that: 1,3,5 ,6,7 ,8 

Pf' pm where X - relative volume of matrix = 
'loo+-- - Pf 1 \ p Fm j 

This theory says that the fibers and the matrix are connected in 

parallel (Paul's upper bound ) and each carries a load proportional to its 

stiffness. 

exception of a correction for catenary, which can be expressed by an empirical 

constant K, such that 

1 

This relation is well confirmed experimentally with the porrible 

Ell = K [Ef - (Ef - Em> X] 

where K < 1. 
1.3 PREDICTION OF E22 

- 

The transverse stiffness of a unidirectional composite can be derived 

by considering the fibers as parallel cylindrical inclusions, as shown in 

Figure 1. 

-4 - 
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Y 

PARALLEL FIBERS 

Y 
4 

FIGURE 1. UNIDIRECTIONAL COMPOSITE 

This  problem can be regarded a s  p a r a l l e l  t o  Hashin's  problem on s p h e r i c a l  i n -  

c lus ions .2  But i n  the  case  of high f i b e r  concent ra t ion  (say x = 30 percent ) ,  

many f i b e r s  become cont iguous,  i .e. ,  f i b e r s  a r e  I n  con tac t  r a t h e r  than i r o l a t e d  

by t h e  matr ix .  Thus, t he  assumptions i n  Reference 2 t h a t  (1) each inc lus ion  is 

completely enclosed by the  mat r ix ,  and (2) t he  amount of matrix enc los ing  each 

inc lus ion  is t he  same a s  the  average mat r ix  conten t  of the  e n t i r e  composite 

must be modified,  Hence, f i b e r  c o n t i g u i t y  must be incorporated i n  the  t h e o r e t i -  

c a1  p red ic t  ion of E22. 

F i r s t ,  the  E22 is predic ted  based on C = 0, i . e . ,  a l l  f i b e r s  a r e  iso-  
10, 11* 

l a t e d  and t h e  matrix is contiguous.  This has been ou t l ined  by t h e  au tho r ,  

where 

* 
The de r iva t ion  of t h i s  equat ion requi red  the  a p p l i c a t i o n  of v a r i a t i o n a l  p r i n c i p l e s  

t o  a two-phase composite. 

t h u s  i t  is not presented here .  

This  de r iva t ion  is too  lengthy f o r  t he  present  r e p o r t ;  
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h e r e  E:;) = t r ansve r se  s t i f f n e s s  f o r  c = 0; u 2  = u - ( uf - urn) x = 

t he  Poisson ' s  r a t i o  i n  the  i s o t r o p i c  plane,  plane y - t ,  and is approximated 

f 

by a l i n e a r  r e l a t i o n  (note  

u n i d i r e c t i o n a l  composite); Kf = Ef / 2 (1 - 
Km Em 2 (1 - urn); Gm Em / 2 ( 1  + urn). 

v2 is not  U12, t he  major Poisson ' s  r a t i o  of t h e  

V f ) ;  Gf Ef / 2 (1 + V f ) ;  

The E22 ( f )  , t h e  o t h e r  bound of E22 is  based on C = 1, where 

This i s  der ived by in te rchanging  s u b s c r i p t s  m and f i n  Equation (7) and re- 

p lace  x by (1 - x ). 
F i n a l l y ,  t h e  composite E22 derived by a l inear combination of t h e  

two extreme cases: 

where 0 < C < 1. The actual value of C is expected t o  be c l o s e r  t o  0 than t o  

1 because the  l a t t e r  case  ( t h e  upper bound) r ep laces  the  f i b e r s  i n  con tac t  by 

- -  

a contiguous phase of f i b e r  m a t e r i a l ,  

1 .4  PREDICTION OF 

The major Poisoon's r a t i o  can be obtained by cons ider ing  the  i s o t r o p i c  

plane i n  f i g u r e  1 i n  a s t s t e  of plane s t r a i n ,  i.e., u * 0 where u i s  t h e  d i s -  

placement along x-axis .  

u = 0 i s  propor t iona l  t o  v so t h a t  

The amount of a x i a l  stress, ax, requi red  t o  maintain 

1 2  
1 2  ' 

-6- 
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I n  the  case  of c y l i n d r i c a l  i nc lus ion  with C = 0 ,  t h e  contiguour phase ( the  

matr ix)  forma t h e  ou te r  r i n g  of a concent r ic  cy l inde r  and the  d ispersed  phase 

( the  f i b e r )  t he  core. 

be shown t h a t  

Under the  inf luence  of hydros t a t i c  pressure ,  i t  can 

11 

where p - hydros t a t i c  pressure ,  and s u p e r s c r i p t  m and f r e f e r  t o  t h e  ou te r  

r i n g  and t h e  co re ,  r e spec t ive ly .  

Ueing Equation (10) 

Following t h e  assumptions i n  t h e  d e r i v a t i o n  of Ell, 

-7- 
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S u b s t i t u t e  Equation (ll), (12), (13) and (14) i n t o  (10) 

The o t h e r  bound of v12 f o r  C = 1, i .e . ,  vi;), can be r i m i l a r l y  obtained 

by interchanging s u b s c r i p t s  m and f and r ep lace  X by 1 - X. Hence 

F i n a l l y  

1.5 PREDICTION OF G 

9 The t ransformation equat ion of t he  shear  modulur io:  

+ +  (m2 - n 2 2  
G'  

where m - cos 6 ,  n - s i n  8, and G'  - shear  modulus of 8 f i b e r  o r i e n t a t i o n .  

It can be rhown t h a t  G '  reacher a maximum when 

with r e spec t  t o  8. I n  f a c t ,  a t  t h i s  angle  

8 - 45' by d l f f e r e n t i a t a  G' 

v12 1 + - + - ,  1 
m- 1 - 

Gmaac Ell E22 
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Thus the  upper bound of G is es t ab l i shed  from the  t ransformation equat ion.  

Note GmX is a funct ion  of Ell, u12 and E220 Since they depend on C (con- 

t i g u i t y )  and K (catenary) ,  Gmax becomes dependent oh C and K i n d i r e c t l y .  

Thus, depending on what combination of C and K va lues  is used, t h e r e  w i l l  be 

one abso lu te  upper bound (when C = K = f )  and many r e l a t i v e  upper bounds f o r  G. 

The lower bound of G is derived by chopping the  continuous f i b e r s  

and reshaping the  segments i n t o  spheres .  Hence the  s o l u t i o n  of t he  compoeite 

shear  modules f o r  a medium with sphe r i ca l  i nc lus ions2  becomes app l i cab le .  

Since shear  modulus i s  assoc ia t ed  with the r e s i s t a n c e  t o  d i s t o r t i o n ,  a corn- 

p o s i t e  wi th  sphe r i ca l  i nc lus ions  is i n t u i t i v e l y  less r i g i d  than one with 

c y l i n d r i c a l  i nc lus ions ;  t h i s  j u s t i f i e s  t he  use of t he  s p h e r i c a l  composite for 

the lower bound of G. Hence, from Reference 2, 

7-5 V + 2 ( A -  5 u ) [ 1 + (  $ - I )x ]  m m m 
L where G = lower bound of G.  Thus, the  shear  modulus of a u n i d i r e c t i o n a l  

composite must 

GmaX 

where Gmx and 

e a t i a f y :  

2 PL 
L G a r e  computed from Equations (19) and (20), r e spec t ive ly .  

- 9- 
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SECTION 2 

EXPERIMENTAL PROCEDURE AND SPECIMEN PREPARATION 

2.1 EXPERIMENTAL PROCEDURE . , 

The experimental  determinat ion of t h e  an i so t rop ic  cons t an t s  was 

obtained i n  accordance with the  procedure ou t l ined  i n  Appendix A. 

were measured by f l e x u r a l  and tw i s t ing  tests. 

A l l  moduli 

8 
r 
a 

To a s c e r t a i n  the  accuracy of t he  t e s t  method, a number of simple 

These t e s t s  were performed f o r  t h e  purpose of comparison and c a l i b r a t i o n .  

tests w i l l  now be discussed.  

a. Specimen Size and Gage Length 

A series of tests was run t o  determine the  proper specimen s ize  and 

gage length f o r  t he  p l a t e  and beam specimens. 

r an  from 0.1 t o  0.2 inch.  

tw i s t ing  tests in t he  present  program, s i n c e  below 5 i nches ,  t he  apparent 

shear  moduli was h igher  than t h e  a c t u a l .  

t o  l - inch wide. For c e n t r a l  load f l e x u r a l  tes t ,  6-inch span provided 

The th i ckness  of the  specimen 

Five-inch square p l a t e  specimens were used f o r  t he  

The beam Specimens were 3/4-inch 

- 10- 
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accura te  da t a .  Shor t e r  spans y ie lded  lower apparent  s t i f f n e s s .  For double 

load f l e x u r a l  test ,  t he  long span was 8 inches and dhor t  span 4 incher .  

test was no t  used ex tens ive ly  because longer specimens (8 inches i n s t e a d  of 

6 inches)  were needed; simultaneous con tac t  between t h e  loading po in t s  and 

t h e  berm was d i f f i c u l t  t o  achieve; t h u r ,  h igher  d e f l e c t i o n  o f t e n  becomes nec- 

essary.  

same specimen were i d e n t i c a l ,  

The 

The r e s u l t s  obtained from both c e n t r a l  and double load tests on t h e  

b. Tens i l e  and F lexura l  S t i f f n e s s e s  

The i n t e r p r e t a t i o n  of t e s t  d a t a  using the  bending theory of p l a t e r  

and beame ( s t r eng th  of materials) was checked a g a i n s t  (1) rimple t e n s i l e  test 

with extensometer; (2) simple t e n s i l e  with s t r a i n  gager; and (3) double load 

f l e x u r a l  with s t r a i n  gager. 

c e n t ,  t h e r e  war no apprec iab le  d i f f e r e n c e  ( < 10 percent )  between the  s t i f f -  

nearer  mearured by t e n s i l e  and f l e x u r a l  ter t r .  Clore  a g r e m e n t  a l r o  r x i r t r d  

between the  su r face  r t ra in  predic ted  by the  simple beam theory and the  d i r e c t  

reading  frcm t h e  s t r a i n  gages, 

degree beams. 

both s i d e s  of t h e  beam were i d e n t i c a l ) .  

compressive, and f l e x u r a l  moduli, a t  l e a s t  f o r  Ell and E22, were e r r e n t i a l l y  

the  same. 

2.2 UNIDIRECTIONAL SPECIMENS 

Rgrul te  i nd ica t ed  t h a t  f o r  r t r a i n  up t o  0.2 per- 

Planer apparent ly  remained planee f o r  0 and 90- 

There was no s h i f t  in t he  n e u t r a l  axis ( s t r a i n  recording8 on 

The impl ica t ion  was t h a t  t e n r i l e ,  

Three systems of u n i d i r e c t i o n a l  specimens were made. I n  a l l  ca ses ,  

u n i d i r e c t i o n a l  p l i e s  were l a i d  by hand t o  provide the  f i n a l  thickness .  Reoin 

-11- 
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content  f o r  each system rep resen t s  t he  average of four  samples taken from 

widely spaced loca t ions .  

SP-1 a. - 
This  system cons i s t ed  of 20 p l i e s  of Minnesota Mining and Manufac- 

t u r i n g  Company Scotch-ply #1009-33 W2 38. p re s s  pte-  

heated t o  2OO0F, pressure 40 p s i ,  temperature 3OO0F f o r  2 hours ,  followed by 

slow cool ing.  

The cu r ing  cyc le  was: 

Cured th ickness  was 0.18 inch and r e s i n  conten t  23 percent .  

b. Xb - 
This system cons i s t ed  of 11 p l i e s  of U. S .  Polymeric Company E-787-NUF. 

The cur ing  cyc le  was: 

hours, followed by slow cool ing.  Cured thickness  was 0.20 inch and r e s i n  con- 

t e n t  16 percent .  

no prehea t ,  pressure 50 p s i ,  temperature 300% f o r  2 

c -  - XVII 

This eyetern was the  same a s  Xb above, except t he  r e s i n  con ten t  was 

15 percent .  

-12- 
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SECTION 3 

EXPERIMENTAL VERIFICATION 

In this section, the theoretical predictions as outlined in 

Section 1 are compared with experimental measurements. Only glasta filament- 

epoxy resin systems with the following properties were uaed: 
6 Ef = 10.6 x 10 psi 

lJ - 0.22 
- 2.60 f 

P€ 

Em 
6 = 0.5 x 10 psi 

= 0.35 

= 1.15 f'm 

3.1 AXIAL STIFFNESS Ell 

Substituting the data in Equation (21) into Equation (6), Ell for 

Experimental points are K = 1 and 0.9 were computed and shown in Figure 2. 

also shown. Note that SP-1 and data from Reference 3 agree with the K = l .  

case, while 5 and XVII agree with K = 0.9. 

X V I I  (the NUF Systems) revealed that the filaments pere less straight. 

A visual examination of IC,, and 

This 

-13- 
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r e s u l t e d  p a r t i a l l y  from t h e  per iodic  c ros s  t ies  ( t r ansve r se  t o  the  f i b e r s ) .  

Thus, t he  assumed ca tenary  seemed reasonable.  

3.2 TRANSVERSE STIFFNESS E22 

Using the  same d a t a  of Equation (21), E22 was computed from Equation 

(9) f o r  C = 0, 0.3,and 1. These are a l s o  shown i n  F igu re  2, It appeared t h a t  

experimental  d a t a  agreed with the  case  of C = 0.3. Note t h a t  ca t ena ry  d i d  not 

a f f e c t  E22. This was i n  agreement with the  theory,  Equation ( 9 ) .  

d i c t e d  by References 1, 3, 6 ,  7 was a l s o  shown. This curve was obtained by 

The E22 pre- 

cons ider ing  the  two phases connected i n  series. It was c l e a r  t h a t  t h i s  predic-  

t i o n  yielded cons iderably  lower va lues  than those measured, 

The c o n t i g u i t y  f a c t o r  C though convenient and good i n  theory,  s t i l l  

needed a more c r i t i c a l  v e r i f i c a t i o n .  For t h i s  reason,  steel  rod-epoxy composites 

were made with C - 0, i .e.,  each rod was completely separa ted  by the  r e s i n ,  

The specimen prepara t ion  and t e s t  procedure and results a r e  shown i n  Appendix B. 

S u b s t i t u t i n g  the  following data:  
6 Ef = 30 x 10 psi 

V = V - 0.30 f m 

Pf = 7.80 

Em 
6 = as measured, i .e.,  0.46, 0.43, 0.59 x 10 p s i  

= 1.15 Pm 

i n t o  Equation (9) for: C = O ,  0 .3 ,md  1, t h e  computed results and the  d a t a  from 

Appendix B a r e  shown i n  F igure  3. It is  seen t h a t  the  d a t a  agreed with t h e  

- 15- 
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C = 0 case very well. 

of the  s ign i f i cance  of  con t igu i ty .  

This r e s u l t  may be considered a p a r t i a l  v e r i f i c a t i o n  

3.3 MAJOR POISSON'S RATIO V12 

Using the  da t a  of Equation (21), y2 was computed from Equation (17) 

f o r  C = 0, 1, This i s  shown i n  Figure 4, toge ther  wi th  t h e  measured po in t s .  

I t  i s  seen t h a t  the  SP-1 poin t  and the Aeronutronic I R  & D p o i n t s  agreed 

with the theory and s a t i s f i e d  C = 0.3 approximately, whereas Xb and XVII 

have l a rge  spreads.  Possible  explanat ions of t h i s  poor agreement may be 

(1) the  a c t u a l  va lues  of v and Y were d i f f e r e n t  from those used i n  

Equation (21); or  (2) more importantly,  C12 of Equation (4) i s  small i n  

comparison with C hence, any e r r o r  i n  E i s  magnified i n  v 12. The wide 

scatter of E22 f o r  t h e  NUF systems (Xb 

the  even wider s c a t t e r  i n  v12. 

3.4 SHEAR MODULUS G 

m f 

22 ; 22 

and X V I I )  a s  Shawn i n  Figure 2 induced 

Again using the da ta  on Equation (21) ,  Equations (19) and (20) were 

solved f o r  C - 0, 0.3 and 1, and K - 1 and 0.9. 

Figure 4 .  

were drawn with the  app l i cab le  measured poin ts  p l o t t e d .  

Pau l ' s  theory' were drawn i n  do t t ed  l i n e s  t o  i l l u s t r a t e  t he  inaccuracy of t h i s  

This is a l e o  shown In 

Since K - 1 for SP-1, K - 0 . 9  for Xb and X V I I ,  two separate dlagrame 

The bounds based on 

approximate theory when E i s  much g r e a t e r  than Em. f 

- 17- 
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For a given K value (1 o r  0.9), t he  absolu te  upper bound f o r  G 

would be the  case when C = 1. Since f o r  t h e  p a r t i c u l a r  glass-epoxy system 

the observed C value is approximately 0.3, i t  is reasonable  t o  use the  C = 0.3 

case as  the, upper bound of G .  

lowers P a u l ' s  upper bound by a s u b s t a n t i a l  margin. 

From Figure 4, it is seen t h a t  the  present  theory 

The lower bound of G based on Equation (20) is a l s o  h igher  than P a u l ' s  

lower bound. Thus t he  gap between the  bounds has  been narrowed. The lower 

bound of G can be r a i sed  i f  the  con t igu i ty  of the  sphe r i ca l  i nc lus ions  is taken 

i n t o  cons idera t ion ,  i n  the  same way a s  the  con t igu i ty  of t he  c y l i n d r i c a l  

i nc lus ions  i n  a un id i r ec t iona l  composite. 

bounds f o r  va r ious  va lues  of con t igu i ty ,  while Equation (20) remains a s  t h e  

absolu te  lower bound. 

One w i l l  then ob ta in  r e l a t i v e  lower 

It should be emphasized t h a t  the upper and lower bounds of G were 

derived from e n t i r e l y  d i f f e r e n t  mathematical models. But t hese  curves as  

func t ions  of r e s i n  conten ts  have approximately t h e  same shape. So, a e  a n  

approximation, the  case of C - 0 f o r  E22 i n  Equation (19) may be regarded as 

the  approximate G curve.  This agreed w i t h  the  experimental  value f o r  glaes- 

epoxy ryotemr . 

I 

- 19- 
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SECTION 4 

CONCLUSIONS AND FUTURE PLAN 

4.1 CONCLUSIONS 

The progress  t o  d a t e  ind ica t ed  t h a t  t he  b a s i c  t h e o r e t i c a l  predic-  

t i o n s  of t h e  composite moduli of u n i d i r e c t i o n a l  f i be r - r e in fo rced  composites 

were i n  agreement with experimental  observa t ions ,  Needless t o  say ,  f u r t h e r  

refinement of t he  theory w i l l  be made when more f a c t s  become ava i l ab le .  

Based on the  present  theory,  t he  con t r ibu t ion  of each m a t e r i a l  

parameter t o  the  composite moduli can be predicted.  This  i s  shown i n  t h e  

fol lowing f igures :  

Figure 5: Ell,  E22, and G versus  Ef 

Figure 6: Ell, E22, and G versus  Em 

Figure 7: E22 and G versus  IJ and 'v f m 

I n  a l l  t he  curves ,  t h e  middle curve was computed from t h e  d a t a  of Equation (2 l ) ,  

which is  a r e p r e s e n t a t i v e  E-801 glass-epoxy system. 

f i c t i t i o u s  m a t e r i a l s ,  with t h e  except ion of Ef = 16.0 x 10  p s i  which is  a 

r e p r e s e n t a t i v e  high modulus g l a s s .  For a l l  ca ses ,  C = 0.3 and K 5 1 w e r e .  

maintained. G i s  computed with E of C = 0 i n  Equation (19). 

Other v a r i a t i o n s  r e f l e c t e d  

6 

22 

- 23- 
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From t h e  above, t h e  following may be concluded: 

(1) Ef makes s i g n i f i c a n t  con t r ibu t ion  t o  Ell, 

(2) Em makes s i g n i f i c a n t  con t r ibu t ion  of E22 and G. 

(3) vf and v m  do not  make s i g n i f i c a n t  con t r ibu t ions  t o  E l l ,  

E22, and G. For t h i s  reason,  v a r i a t i o n  of V has  no t  12 

been inves t iga t ed .  

I n s o f a r  as geometric parameters,  R, C and K a r e  concerned, one can 

conclude: 

(1) Resin conten t  R makes s i g n i f i c a n t  con t r ibu t ion  t o  Ell ,  

and G as shown i n  curves above. E223 

(2) Cont igui ty  C is  probably not  a c o n t r o l l a b l e  parameter 

f o r  t he  system under inves t iga t ion .  I n s o f a r  as s t i f f n e s s  

Thi s 22 i s  concerned, higher  value of C inc reases  E 

e f f e c t ,  however, may be de t r imen ta l  t o  the  s t r e n g t h  of t h e  

compoeite. It i s  a l s o  of i n t e r e s t  t o  no te  t h a t  when the 

Ef and Em a r e  of t h e  same orde r  of magnitude the  bounds 

based on c o n t i g u i t y  become very close. 

Figure 8 computed f o r  Ef = 16 x 10 

= 0.35, 5 , O  x 10 , vm 
f i c a t i o n  f o r  ignor ing  c o n t i g u i t y  i n  Hashin's  work,2 i n  

This is shown on 

m 6 
p s i ,  vVf = 22, Em 

This may be considered as a jurt i -  6 

which Ef/Em = 3.4. 

-24- 
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(3) Catenary K affects not only E but G as well. This 11 
is detrimental in the sense that it decreases both Ell 

and G. Again, no speculation of this effect on strength 

can be made at this time. 

4.2 FUTURE PLAN 

Further experimental verification of unidirectional system will 

be performed. Specifically, two systems will be investigated: (1) high 

modulus glass (Ef = 16 x 10 

with a soft matrix (Em = 0.25 x 10 

6 psi) with regular epoxy; and (2) regular glass 
6 

psi), This will conclude the work on 

the unidirectional system. 

The next phase will be concerned with the effect of lamination of 

unidirectional systems, Two types of laminated constructions will be inves- 

tigated theoretically, then verified experimentally, 

a. Cross-ply System 

Two geometric parameters will be investigated: (1) total number 

of p l i e s ,  N; and (2) the cross-ply ratio, M, which is the ratio of the com- 

bined thickness of one unidirectional eyetem over that placed orthogonal to 

it. 

b. Angle-ply System 

Two geometric paramets will be investigated: (1) N, same as above; 

and (2) angles of fiber orientations, 0. Only symnetrically oriented system 

will be investigated. 

-26- 
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APPENDIX A 

EXPERIMFNTAL DETERMINATION OF 
THE ELASTIC BEHAVIOR OF ANISOTROPIC 

PLATES AND SHELLS 
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INTRODUCTION 

In modern technology, severe loading and environmental conditions 

coupled with the consideration of weight have dictated the use of many 

non-isotropic and non-homogeneous materials,examples of which include the 

pyrolytic graphite, reinforced plastics, fiber-reinforced composites, and 

filament-wound materials. A thorough understanding of anisotropic elasticity 

becomes a pre-requisite among the materials and structural engineers of 

this field. Since material response to external loads depends entirely on 

the stress-strain relation of the material, accurate determination of the 

coefficients of this relation, i.e., the anisotropic elastic constants, is 

of fundamental importance in the description of the elastic behavior of a 

given material. 

ANISOTROPIC PLATES AND SHELLS 

In order to faciljtate ensuing discussions, all relevent terminology 

and relations will now be covered. 

As mentioned above, the elastic behavior of a two-dimensional 

anisotropic body is described by the following stress-strain relation 

Bij - where - strain components; Q J  - stress components; 
matrix, In the contracted notation, i, j - 1, 2, 6, where 1, 2 refer to 
the normal components and 6 to the shear component of stress and strain.. 

- 29- 
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1-2 also designate x-y, z - 8 ,  and - 8 .  for rectangular, cylindrical 

and spherical coordinates, in that order. 

The compliance matrix is symmetric, thus there are in general 

X - Y coincide 
16 '26 

six different components. 

with the reference coordinates, shown as x - y in Figure A-I., s 

This special symmetry is called orthotropic and is designated by S 

has only four independent components. The stress-strain relation reduces 

to: 

If the elastic symmetry axes - 0. 
,which 

iJ 

Ex = X l l  a x  + S12 0 Y 

=:12 u x +  s22 Qy 

= s  r 
'xy 66 xy 

Since the compliance matrix is a fourth rank tensor, S and s are related 

by the following transformation equations: 
ij ij 

4 2 2  4 2 2  
sll = m Sll + 2m n S12 + n S22 + m n S66 (3)  

(4 1 4 4  2 2  2 2  
'66 Sll + (m + n ) S12 + IT n S22 - m n 2 2  s - m n  12 

4 2 2  4 2 2  
8 = n Sll + 2 m n S12 + m S2* + m n S66 22 ( 5 )  

( 6 )  
2 2  - 8 m 2 2  n S12 + 4 m 2 2  n S22 + (m 2 -n 2 2  ) S66 s1 1 s - 4 m n  

66 

-30- 
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FIGURE A-1 .  RELATION BETWEEN COORDINATE AXES X - Y 
AND ELASTIC SYMMETRY AXES X - Y 
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3 3 3  3 3 3  
(7 1 s = -2 m n S + 2 (m n-mn ) S + 2 mn S22 + (m n-mn ) S66 16 11 12 

(8) 
3 3 3  3 3 3  s = -2mn S + 2 (mn -m n) S + 2 m n S22 + (mn -m n) S66 26 11 1 2  

where m 3: COS a and n = s i n  U , Thus knowing t h e  fou r  independent components 

of S i n  (2) ,  one can compute s f o r  a l l  o r i e n t a t i o n s  of X - Y axes, i , e . a  

a l l  va lues  of a , 
i j  i j  

It should be obvious t h a t  t he  determinat ion of e las t ic  

behavior of a n i s o t r o p i c  p l a t e s  and s h e l l s  i s  more e a s i l y  achieved by 

i j  
measuring t h e  components of S 

EXISTLNG METHODS 

Ex i s t ing  methods i n  the determinat ion of S 

1) Bending of a 0'-rectangular p l a t e ,  i .e. ,  a 0 a 

involve t h r e e  s t e p s :  
0 

i j  

from which S l l  and S12 a r e  measured; 

Bending of a 90°-rectangular plate ,  i .e . ,  a = gooa 2 )  

from which S 

Twisting of a 0'-square p l a t e ,  from which S66 i s  

measured. 

and SI2 a r e  measured; and 22 

3)  

The loading scheme of imposing a uniformly d i s t r i b u t e d  bending 

moment along two opposi te  edges of a p l a t e  was f i r s t  proposed by Bergstrasse!,l' 

intended t o  measure simultaneously t h e  Young's modulus and Poisson 's  r a t i o  

of an i s o t r o p i c  p l a t e .  This scheme required a long r ec t angu la r  p l a t e  be 

bent by six d i f f e r e n t  f o r c e s ,  d i f f e r e n t  i n  d i r e c t i o n  and magnitude, with 

-32- 
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each located at a predetermined position. 

necessary because the deflected surface is anti-synclastlc, 

This complicated scheme is 

Hearmon and 

Adam1''lapplied this bending scheme to anisotropic 'plate8 (ply-wood) . Witt, 

et al?improved this technique by using a different loading fixture. The 

accuracy of this bending test depends on the length-to-width ratio of the 

test section of the plate specimen. In the last two references, this ratio 

was unity, which was very small. At the same time, the absolute dimension 

of the width of the plate must also be large to insure a good measurement of 

. These two requirements together demand a large size specimen and this s12 
induces numerous experimental difficulties--availability of materials, and 

testing machines, geometric and material uniformity, machining and handling, 

instrumentation, etc. 

The twisting test, on the other hand, is theoretically sound 

because it has an "exactff load-moment relation. The loading scheme is 

extremely straight forward in principle, applying equal loads to all the 

corners of a square plate, with the loads in the first and third quadrants 

upward and in the second and fourth downward. 

the specimens used were limited to the 0 -plates. The loading scheme, in 

all three references, called for two fixed supports and two loading points. 

This is also difficult to carry out experimentally, and will be seen later. 

In references ( 2 1  and c33 

0 

PROPOSED METHOD 

Recognizing the theoretical limitation on the load-moment 

relation of the bending test and the experimental difficulties of both the 

-33- 
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bending and t w i s t i n g  tests,  a method is  presented t o  show t h a t  

r e l i a b l e  d a t a  on the  e l a s t i c  behavior of an i so t rop ic  materials can be 

obtained. 

F i r s t  of a l l ,  t he  bending of p l a t e  specimens is d iscarded .  Ins tead  

of p l a t e s ,  beams w i l l  be used so  t ha t  t h e  s tandard beam f l e x u r a l  test can 

be used. I n  add i t ion ,  only one type of beam, 0' o r  90°, is  required.  

Secondly, t h e  pure tw i s t ing  tes t  w i l l  be appl ied t o  both t h e  

0'- and 45O-plates. 

obtained f o r  t he  complete determinat ion of t he  independent cons tan ts .  

I t  w i l l  be shown la ter  t h a t  s u f f i c i e n t  da t a  can be 

Thi rd ly ,  t he  loading scheme of t he  pure tw i s t ing  test ,  as shown 

i n  Figure A-2, has th ree  f ixed  and one loading poin ts ,  i n s t ead  of two f ixed  

and two loading po in t s .  This improvement insures  the  necessary load 

d i s t r i b u t i o n  while maintaining a f ixed  re ference  coordinate  system, i .e,  

t h e  p l a t e  specimen cannot have rigid-body motion. What i s  equal ly  important 

i s  t h a t  t h i s  scheme read i ly  permits d i r e c t  load-def lec t ion  recording by 

s tandard t e s t i n g  machines. 

Thus, the  proposed method is more accura te  In  theory and s impler  

t o  perform than e x i s t i n g  methods. More r e l i a b l e  d a t a  can be expected, 

PURE TWISTING TEST 

The proposed method puts  more emphasis on t h e  pure t w i s t l n g  test .  

This  w i l l  be discussed i n  d e t a i l  i n  t h i s  s ec t ion .  

The s o l u t i o n  of t h e  d i f f e r e n t i a l  equat ions of an an i so t rop ic  

p l a t e  under homogeneous moments, a s  shown i n  [ 21 and [ 3  1 , is 
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1' 

FIGURE A - 2 .  LOADING SCHEME FOR PURE TWISTING T E S T  
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2 2 
62 xy) I 

+ 6 My (s21 x + s22 y + s 

+ 6 M ( s ~ ~  xL + s62 yL + s66 xy) XY 

+ a x + b y + c  

where h = p l a t e  th i ckness ;  w = t r ansve r se  d e f l e c t i o n  (along z-axis) ;  

= bending and t w i s t i n g  moments; a ,  b, c = cons tan t s  depended Mx' My# Mxy 

on the  p o s i t i o n  of t h e  reference coord ina te s ,  

A p l a t e  loaded a8 shown i n  Figure 2 i r J  subjected t o  a homogeneous 

t w i s t i n g  moment t h a t  

Hence (9)  reduces t o :  

I n  t he  case when the corners of t ha  plate i n  the  f i r o t ,  oecond and t h i r d  

qu rd r rn t e  are oupported by f ixed p o i n t s ,  then 

w - o *en x - 4 1 2 ,  y = a i 2  

= 4 1 2 ,  y = a i 2  

and x = - 1 1 2 ,  y - j / 2  
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S u b s t i t u t e  t hese  boundary condi t ions i n  ( l l) ,  and so lve  f o r  cons tan ts  a,  

b and c ,  then (11) becomes 

L - 

Note t h a t  t h e  d e f l e c t i o n  a t  t h e  cen te r  of t h e  p l a t e  is 

Thus, t he  pure tw i s t ing  tes t  w i l l  y ie ld  S 

cons tan ts ,  S61, S62 and S66. 

t h e  sum of t he  t h r e e  e l a s t i c  G' 
From (6 ) ,  ( 7 )  and (a), one obta ins  

2 2 2  
Sll  - 8 m n SG = -2mn (m - n)  S12 

s~~ + (m2 - n2)2 ' 6 6  
2 + 2mn (m + n) 

'G = '66 Note when a = 0, 

It is c l e a r  t h a t  by .us ing  0' and 45'-plates, which gives  

and 

a = 0 and goo', 

= - + 45O, r e spec t ive ly ,  one obta ins  t h r e e  equat ions f o r  t h e  four  
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unknown cons tan ts .  With t h e  d a t a  from the  beam t e s t ,  one ob ta ins  t h e  

0 0 fou r th  equat ion--ei ther  t h e  0 - or  90 -beam, which y i e l d s  Sll o r  S22,  

r e spec t ive ly .  Note t h a t  only one bending test is necessary.  

Also note t h a t  t h e  d e f l e c t i o n  a t  the  loading corner ,  where 

S u b s t i t u t e  t h i s  66 x = 1 1 2 ,  y = 2 1 2 ,  gives d i r e c t  measurement of s 

l oca t ion  i n  (13) and rearrange: 

where w = d e f l e c t i o n  a t  t he  loading corner .  

required measurement f o r  t he  determinat ion of t he  independent cons tan ts ,  i t  

i s  a by-product of the  pure tw i s t ing  t e s t .  This can be used t o  check the  

accuracy of the  proposed method. 

Although s66 is  not a 
L 

EXPERIMENTAL VER IF1  CAT ION 

In  order  t o  demonstrate t he  v a l i d i t y  and accuracy of t he  proposed 

method, t h e  determinat ion of t he  e l a s t i c  cons tan ts  of an an i so t rop ic  p l a t e  

was performed, 

The specimens were made of Minnesota Mining and Manufacturing 

Company's un id i r ec t iona l  "Scotch-ply", which cons is ted  of g l a s s  f i laments  

imbedded i n  an epoxy r e s i n  mat r ix ,  The r e s i n  content  by weight was 23 per-  

c e n t .  The p la te  thickness  was approximately 0.2 inch .  The assumed homo- 

genei ty  of t he  composite material wac reasonable because t h e r e  a r e  hundreds 

of f i laments  across  the  p l a t e  th ickness ,  This type of material machines- 

very easi ly .  Thus i t  i s  a good tes t  material f o r  an i so t rop ic  p l a t e .  

-38- 
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The bending t e s t  on beams was the  s tandard cent ra l - loading  

f l e x u r a l  t es t .  The pure tw i s t ing  test was accomplished wi th  a very simple 

t e s t  f i x t u r e ,  which provided t h r e e  f ixed  supports  i n  t h e  f i r s t ,  second and 

t h i r d  quadrants ,  w i th  the  d i r e c t i o n s  ind ica ted  i n  Figure 2 .  The remaining 

corner ,  i n  t he  fou r th  quadrant,  was the  loading point  by the  I n s t r o n  

t e s t i n g  machine. Direct  recording of load and t h e  v e r t i c a l  displacement 

of the  loading poin t ,  i . e . ,  P and w i n  (18) was obtained.  The d isp lace-  

ment of t he  cen te r  of t h e  p l a t e ,  w i n  (15),  was read from a d i a l  gage and 

recorded d i r e c t l y  by "pipping" the  Ins t ron  recorder .  Thus from t h e  same 

L 

0 

c h a r t ,  both P/w and P/wo were der ived .  L 
0 From the  cent ra l - loading  f l e x u r a l  tes t  of t h r e e  0 -beams, t h e  

average compliance was: 

(19) 
6 = .16 x (10 ps i ) - '  s l l  

0 From the  pure tw i s t ing  test of 0'- and 45 -square p l a t e s ,  t h e  

fol lowing were obtained by using (17): 

= 1.10 x (10 6 p s i p  
'66 

6 = .20 x (10 p s i ) - l  '11 - %2 

= . 5 7  x (10 6 p s i )  -1 
s22 - %2 

and S2* were then computed by combining (19) and (20) so t h a t ,  s12 
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6 -1 
p s i )  S12 = -.04 x (10 

6 -1 s2* = .53 x (10 p s i )  

By bending 90°-beams, t h e  

good independent check of 

6 -1 
resu l t ed  S22 was .50 x (10 p s i )  . This was a 

t h e  S22 der ived i n  (21). 

Knowing the  four  independent e l a s t i c  cons tan ts ,  one can r e a d i l y  

compute from (3) through (8) the  t h e o r e t i c a l  e l a s t i c  cons tan ts  f o r  o ther  

o r i e n t a t i o n s .  These cons tan ts ,  of which t h e r e  are s i x ,  are p l o t t e d  i n  

Figure A-3. Note t h a t  s and s curves are not  drawn e x p l i c i t l y  because 

they are themfrror image  of s and s r e spec t ive ly .  The plane of 11 16' 

r e f l e c t i o n  is a t  a = 45'. 

22 26 

A s  s t a t e d  before ,  t he  present  tes t  procedure fu rn i shes  r e a d i l y  

independent check of t he  resul ts  obtained above. Three addi t  i ona l  square 

p l a t e s  were made and t e s t e d .  

and S f o r  six d i f f e r e n t  o r i e n t a t i o n s  were obtained.  From these  p l a t e s ,  s66 

These d a t a  compared favorably with the  t h e o r e t i c a l  r e s u l t s  computed from 

t h e  four  independent cons tan ts .  This is shown on Figure A-4.  The average 

dev ia t ion  between the  t h e o r e t i c a l  and experimental  po in t s  is about 

5 percent .  For t h i s  p a r t i c u l a r  tes t  specimen, b e t t e r  v e r i f i c a t i o n  than 

5 percent would be hard t o  achieve because geometric and material v a r i a t i o n  

of the  specimens amounted t o  almost the  same order  of magnitude. 

The o r i e n t a t i o n s  were 15O, 22.5', and 30'. 

G 
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CONCLUSIONS 

It has been shown t h a t  t h e  proposed method of determining t h e  

a n i s o t r o p i c  e l a s t i c  c o n s t m t s  i s  easy t o  perform and y i e l d s  r e l i a b l e  d a t a .  

The s p e c i a l  test f i x t u r e  f o r  the pure t w i s t i n g  tes t  is  extremely simple,  

Beyond t h i s ,  no a d d i t i o n a l  equipment, instrumentat ion,  and s t r a i n  gages are 

required.  

be r e a d i l y  obtained,  e .g . ,  bending of 90 -beams, and t w i s t i n g  of p l a t e s  

with o r i e n t a t i o n s  o the r  than 0' and 45'. It should be pointed out t h a t  

bending of beams o the r  than 0' or  90' does not y i e l d  r e l i a b l e  d a t a  on sll 

because s is  not zero.  The non-vanishing s induces shear  s t r a i n  which 

causes the beam t o  twist, The t a s k  of s epa ra t ing  t h e  d e f l e c t i o n  from 

It has a l s o  been shown t h a t  independent check on t h e  d a t a  can 

0 

16 16 

t w i s t i n g  of a beam under the  a c t i o n  of pure bending i s  not easy. 

Test specimens f o r  the proposed method must be f l a t  plates, The 

measured d a t a  are app l i cab le  t o  an i so t rop ic  s h e l l s  i f  they are made of the 

same material as the p l a t e s .  To ob ta in  t h e  e l a s t i c  cons t an t s  of s h e l l s  

d i r e c t l y  from s h e l l s  involves a number of s e r i o u s  experimental d i f f i c u l t i e s .  

It i s  more advisable  t o  determine the  constants  from p l a t e s  w i th  similar 

ma te r i a l  as the  s h e l l  and then make l imited number of tests on t h e  s h e l l  f o r  

checking purposes only.  
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APPENDIX B 

The o b j e c t i v e  of t h e  tests repor ted  ..erin was t o  catermine the  

modulus of e l a s t i c i t y  i n  tens ion  of composite media i n  which the matrix 

ma te r i a l  was a sce r t a ined  t o  be continuous,  as opposed t o  composite media, 

such as g l a s s  re inforced  p l a s t i c ,  i n  which ind iv idua l  elements of t he  r e i n -  

forcement are i n  conjunct ion t o  var ious  degrees.  

To ob ta in  t h e  t e n s i l e  modulus of t r a n s v e r s e l y  r e in fo rced ,  cont in-  

uous, mat r ix  p l a s t i c s ,  a s p e c i a l l y  designed specimen was necessary.  

i n g  mold was f a b r i c a t e d  as descr ibed i n  Table I, This mold allowed epoxy 

c a s t i n g s  t o  be made which were re inforced  10 o r  20 percent  by volume with 

s t e e l  rods. 

and t e s t i n g  specimens of t h r e e  epoxy r e s i n  s y s t e m  re in fo rced  0, 10, and 20 

percent  by volume. 

produced cracks near  t he  steel reinforcement,  and specimens were prepared by 

the  less p r e c i s e  means of sawing and gr inding.  

A c a s t -  

Table I l is ts  the  ma te r i a l s  and procedures employed i n  preparing 

I was found t h a t  normal machining ( m i l l  work) methods 

Table  11 l is ts  t h e  modulus of e l a s t i c i t y  of several r e in fo rced  and 

Severa l  au tog raph ica l ly  recorded s t r e s s / s t r a i n  

Care was taken no t  t o  f a t i g u e  the  spec- 

nonreinforced t e n s i l e  specimens. 

curves  were obtained f o r  each specimen. 

imen. The est imated accuracy of t h e  results i s  10 percent ,  l a r g e r  than t h e  

normal 

c racks  and v a r i a t i o n s  i n  specimen conf igyra t ion  and c ross - sec t iona l  area. 

5 percent  t e s t i n g  e r r o r .  This  i s  caused by such reasons as undetected 
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TABLE I 

MATERIALS AND PROCEDURES EMPLOYED I N  E'ABRICATING 
TENSILE SPECIMENS 

I. MATERIALS 

Resin: 

Cata lys t s :  

Epon 828 epoxy r e s i n  (Shel l  Chemical Company) 

1. 

2. 

3. Hexahydrophthalic Anhydride ("PA) 

4. 

Metaphenylene diamine (MPD; C 1  c a t a l y s t )  

Boron f l o u r i d e  monoethylamine complex (BF3-400) 

N,N - dimethyl benzlamine ( M A )  

Reinforcement: 1/16 inch diameter mild steel, copper c l ad  welding rod. 

11, CASTING MOLD DESCRIPTION 

Mold c a v i t y  = 4 x 4 x 1 inch. 

ing r i d e r  per fora ted  with l / lb - inch  diameter h o l r r  t o  rccommodatr rein- 

fo rc ing  rode. 

1/8-inch apa r t  cen te r  to  cen te r ,  

c e n t e r ,  and the  second and fou r th  row8 ware o f f e a t  l / l6 - inch  from the  

o the r s .  

Side8 bol ted  t o  bottom p l a t e .  Two oppor- 

Each of t he  two opporing r i d e r  had 5 p a r a l l e l  row8 hOh8 ,  

The rows wera 1/8-inch apart can te r  t o  

111. CASTING PROCEDURES 

A. Prepare welding rode f o r  c a s t i n g  by removing copper c l a d  with €IC1 

a c i d ,  smut wi th  HN03 a c i d ,  r i n s i n g  i n  d i e t i l l e d  water, and drying 

with a c lean  c l o t h .  

. 
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TABLE I (Continued) 

B. Prepare mold with s u i t a b l e  release agent  and i n s e r t  rods i n  

des i r ed  p a t t e r n ,  avoiding con tac t  with release agent. 

F i l l  mold with one of the  fol lowing r e r i n  d x e e  ( a l l  components 

preheated t o  l6OoF p r i o r  t o  mixing): 

1. 

C. 

Epon 828 with 80 par t e  per hundred by weight (phr) 

"PA and 0.8 phr PiBA. 

Epon 828 with 13.5 phr MPD. 

Epon 828 with 3 phr BF3-400. 

2. 

3. 

D. Cure Cycles: 

1. Epon 828/HHPA: 

2. Epon 828/MPD: 

1 /2  hour a t  150% and 4 hourr  a t  225OF. 

4 hours a t  lSO%, one hour a t  225OF and 

2 hours 8t 35OoF, 

3. Epon 828/BF3-400: 14 hours a t  180°F, 6 hourr  a t  2OO0F 

and 4 hours a t  25OoF. 

I V .  SPECIMEN PREPARATION 

Saw, machine, and/or gr ind e p e c i w n r  to  form t e n r i l e  rprciwnr with  a 

2-inch gage length. 

V. TESTING PROCEDURE: 

A. Bond doublers  t o  gripped ends of each specimen with Eartman 910 

adhesive.  
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TABLE I (Continued) 

B. Using an Ins t ron  test machine and a Baldwin extenrometer with 

2-inch gage length,  ob ta in  the  t e n r i l e  modulur of each specimen 

as follows: 

1. 

2. 

3. 

4. 

S e t  crosshead speed a t  0.02-inch/min. 

Load specimen t o  about 100 pounds whi le  au tog raph ica l ly  

recording the  s t r e s s - s t r a i n  curve a t  1000 magnification. 

Unload specimen and repea t  s e v e r a l  times. 

Obtain the  s lope  of t he  i n i t i a l  s t r a i g h t - l i n e  po r t ion  of 

each curve. 

Ca lcu la t e  modulur of e l a r t i c i t y  i n  tenr ion  for each rpecimen 

a s  followo: 

Ave. Slope ( l b / i n )  
2 Croer-esction ( i n  ) 

T e n s i l e  Mod. (poi)  = 
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FIGURE B - 1 .  STEEL - EPOXY SPECIMENS 
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